An experimental study was carried out to investigate the behaviour of steel fibre-reinforced high-strength concrete (HSC) short columns confined by square ties under monotonically increasing concentric compression. A total of 72 confined and 24 unconfined specimens were tested in this test programme. The test variables included aspect ratio and volume fraction of crimped steel fibres, volumetric ratio, yield strength and configuration of transverse tie reinforcement and concrete strength. The effects of these variables on the uniaxial behaviour of HSC short columns are presented and discussed. The results indicate that the addition of fibres to the HSC mix prevented the early spalling of the cover and increased the load-carrying capacity and ductility of the specimens over that of comparable non-fibre columns. The effect of mixed aspect ratio of fibres on the stress-strain behaviour of confined HSC was also studied by blending the short and long fibres. It is shown that a higher gain in column strength can be affected by the addition of shorter fibres, and longer fibres can provide better enhancements in the post-peak deformability.
Notation
A g gross area of column cross-section A st sectional area of longitudinal reinforcement E c tangent modulus of elasticity of concrete E s modulus of elasticity of steel f c any general stress in confined stress-strain curve f9 c cylinder compressive strength of concrete f cc peak stress of confined concrete f co unconfined strength of concrete column f hcc stress in tie at peak stress of confined concrete f y yield strength of longitudinal steel f yh yield strength of tie steel l f length of fibre P9 c concrete load corresponding to first peak P cc peak-confined concrete load (corresponding to second peak) P max maximum applied load on the column P o theoretical capacity of column ¼ 0 : 85 f 9 c (A g À A st ) þ f y A st s spacing of ties v f volume fraction of fibres å9 axial strain corresponding to the first peak, P9 c å cc axial strain at peak-confined load, P cc å c50c axial strain at which the stress drops to 50% of peak in confined concrete å co strain at peak load of unconfined concrete column å c50o axial strain at which the stress drops to 50% of peak in unconfined concrete å9 h strain in tie at P9 c å hcc strain in tie at P cc å9 1 strain in longitudinal steel at P9 c å lcc strain in longitudinal steel at P cc å y yield strain of longitudinal reinforcement å yh yield strain of tie reinforcement r l volumetric ratio of longitudinal steel r s volumetric ratio of ties
Introduction
The gradual development of concrete technology has promoted the use of high-strength concrete (HSC) in reinforced concrete columns of multi-storey buildings owing to its wide range of advantages over normalstrength concrete. However, the advantages of using HSC are offset by its poor post-peak behaviour. The studies undertaken in the past to investigate the confinement of HSC columns show that there is a consistent decrease in strength and deformability gains with increasing concrete strength. [1] [2] [3] [4] These studies have indicated that a higher degree of confinement is required in columns with higher concrete strength than in columns with lower concrete strength to achieve similar advantages. HSC columns under the application of concentric loads suffer from yet another problem: premature cover spalling. Previous experimental and theoretical research has shown that the axial strength of HSC columns is affected by the early spalling of the cover and it can even result in lower column strength than theoretical squash load if sufficient confinement is not provided. 2, 5, 6 The concept of using a combination of suitable randomly distributed discrete fibres with nominal amount of lateral steel has been discussed in the literature to ease the need for a high amount of confinement in the plastic hinge regions of HSC columns. [7] [8] [9] It has been shown that the use of fibres in the concrete mix provides indirect confinement to the concrete and improves the strength and ductility of columns. A review of literature, however, shows that the performance of HSC columns under the combined confining actions of transverse steel and discrete fibres has not been fully explored. The current paper reports the results of 72 tied-confined HSC short-column specimens cast with and without steel fibres and tested under concentric compression. The test variables included: fibre volume fraction; aspect ratio of fibres; parameters of confinement such as volumetric ratio; spacing and yield strength of ties; longitudinal reinforcement distribution and resulting tie configuration; and concrete compressive strength. The effect of blending short and long fibres (mixed aspect ratio) into the HSC mix has also been investigated.
Research significance
The addition of steel fibres is a promising and economical method to compensate for the loss in the postpeak deformability of HSC columns. However, research in this field is not conclusive. Earlier studies were either carried out mostly on spiral or tied-confined fibre-reinforced concrete small-scale cylinders or prisms without longitudinal steel 7, 8, 10 or the behaviour of tied-confined fibre-reinforced columns using normal-strength concrete was investigated. [11] [12] [13] Foster and Attard 9 reported the test results of concentrically and eccentrically loaded steel fibre-reinforced tied HSC columns. However, the effect of various parameters of fibres and transverse steel confinement on the peak and post-peak behaviour of confined concrete columns was not fully investigated. Most of the earlier studies mentioned that the cover spalling in HSC columns is either prevented or delayed by the addition of fibres. However, this important phenomenon has not been appropriately addressed in confined fibre-reinforced concrete columns. It may be emphasised here that the behaviour of cover concrete and hence the occurrence of spalling need to be tracked carefully to compute the contribution of confined concrete. The present paper addresses these issues through a comprehensive experimental research programme that involved testing of 96 specimens under concentric load.
Experimental programme

Test specimens
A total of 96 short HSC prism specimens were tested under monotonic concentric compression. They included 72 tie-confined specimens (150 mm 3 150 mm 3 600 mm) and 24 unconfined specimens. Unconfined specimens were of the same size as that of confined column specimens to establish the properties of unconfined plain and fibre-reinforced concrete and also to obtain a comparison of in-place prism strength of concrete with standard cylinder compressive strength. The details of the confined specimens are illustrated in Table 1 and Fig. 1 . Table 2 gives the properties of unconfined specimens. The specimens were cast and tested in duplicate in order to obtain the average of two results, thus making 36 confined and 12 unconfined independent column designs. Each reported result is therefore the average of two test units. The crimped steel fibres were used with three volume fractions (1 . 0%, 1 . 5% and 2 . 0%) and two aspect ratios (20 and 40). For each tie configuration, the column specimens were cast without fibres and with fibres of two different aspect ratios. A few specimens were also cast by blending the short and long fibres in equal weight at total volume fraction of 1 . 5% to assess the effect of mixed aspect ratio. Concrete cover of 10 mm was provided in all the confined specimens.
Failure of the specimens was forced in the test region, which was equal to 300 mm in the middle of the specimen height, by reducing the spacing of the lateral reinforcement outside the test region to half of the specified spacing in the test region. The specimens were also externally confined in the end regions by 10 mm thick steel collars to prevent further premature end failure. The specimens were cast in steel moulds in the laboratory. The standard (100 3 200 mm) cylinders (108 in number) were also cast with the prism specimens. After 24 hours, the specimens were removed from the moulds and submerged in a water tank for curing. The water curing lasted for 28 days, after which the specimens were left in the laboratory at ambient temperature until the time of testing. The testing commenced 90 days after casting.
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Material properties
The concrete was made with ordinary Portland cement, natural river sand, crushed limestone aggregate of maximum size 10 mm, tap water, silica fume and superplasticiser. The concrete mixes of two different specified compressive strengths were employed ( Table  1) . The fibres used were flat crimped steel fibres with a cross-section of 2 mm 3 0 . 6 mm (equivalent diameter ¼ 1 . 24 mm). They were of two different lengths, short (25 mm) and long (50 mm), to give nominal aspect ratios of 20 and 40 respectively. The longitudinal reinforcement consisted of 12 mm diameter deformed bars of 395 MPa yield strength, and two different grades (412 MPa and 520 MPa) of reinforcing steel with a diameter of 8 mm were used as lateral tie reinforcement. The average stress-strain relationships, established by performing at least three coupon tests for each type of reinforcement bar, are illustrated in Fig. 2 . The standard plain concrete cylinders were tested to determine the nominal strength of concrete on the day of testing of column specimens.
Instrumentation and testing procedure
The strains in the longitudinal and lateral steel were measured with electrical resistance strain gauges. The strain gauges were installed on the two opposite longitudinal steel bars at their middle lengths. Similarly, two gauges were glued at two locations on the ties at approximately mid-length of the specimen as shown in Fig. 1 . The axial displacement of the specimens was recorded using four linear variable differential transducers (LVDTs). Two LVDTs were attached on the opposite faces with the help of steel clamps to give a gauge length of 250 mm. Two LVDTs were mounted on the other two faces of the specimen attached to the end steel collars. In case the steel clamps became dislodged owing to a sudden specimen failure or to concrete spalling, the LVDTS mounted on the end collars provided a reliable source of measurements at large strains. LVDTs had a displacement range of 50 mm.
Loads were recorded through a 3000 kN capacity load cell. The recorded data from the LVDTs, strain gauges and load cell were fed into a data acquisition system and stored on a computer. The top and bottom ends of the specimens were slightly ground to remove surface unevenness and protruding fibres. The test specimens were loaded using a 5000 kN capacity hydraulic universal testing machine with load-controlled capabilities. The monotonic concentric compression was applied at a slow rate (0 . 05 MPa/s) to capture the post-peak part of the measured load-deformation curves by manually controlling the oil pressure. The loading was continued until failure, which was determined primarily by rupture of the lateral reinforcement together with buckling of the longitudinal bars.
Test results
The test results are given in Table 2 for unconfined specimens and in Tables 3 and 4 for confined column specimens. The unconfined plain concrete specimens had a sudden explosive type of failure at the maximum axial load. The complete load-deflection curves for these specimens could not be obtained with the present testing facility, and no readings could be taken after their brittle failure. However, the load-deflection curves of unconfined fibre concrete specimens could be recorded to a reasonable extent beyond peak load. The recorded average axial stress-strain curves of unconfined concrete specimens are given in Fig. 3 . It was observed that the strength of unconfined plain concrete prism specimens was considerably lower than the strength measured from standard cylinders. The average prism strength was measured as 88% and 90% of the average cylinder strength for the lower and upper HSCs, respectively. However, the commonly used ratio of 0 . 85 was still used for evaluating the theoretical concrete section capacity of the specimens tested in the present study. The response curves of confined columns between applied axial load, P, and the average axial strain measured by the LVDTs are given in Fig. 4 . Each curve represents the average of twin specimens. To facilitate the comparison of behaviour of different columns, the ordinates in the curves have been nondimensionalised with respect to the theoretical capacity of columns, P o . 
Behaviour of concrete cover in confined specimens
The concrete cover in HSC columns separates abruptly with a loud noise and a sudden loss of the columns' load-carrying capacity. 2, 5, 6 In all the HSC columns of Cusson and Paultre, 2 cover separated at axial strain values of 0 . 0023 to 0 . 0033. Various theories have been put forward to explain early cover spalling in HSC columns. 5, [14] [15] [16] Tie steel creates a separation between the core and the cover concrete that may result in early separation of the cover. If lateral steel contents are not high enough to provide the confinement to the core to compensate for this loss, the column capacity will be lower than the theoretical squash capacity. It has been reported that premature cover spalling in HSC columns containing an insufficient amount of confinement steel resulted in a column strength lower than the theoretical squash load. The test results of confined non-fibre HSC specimens of the present study also corroborate these earlier findings.
The cover spalling in confined fibre-reinforced column specimens tested in this programme was observed to be much delayed and quite gradual. Fine irregular surface cracks appeared either slightly before or at the peak of load-strain curves of these specimens. With the increase in applied axial strain, the number of cracks increased at a reduced rate compared with the confined non-fibre concrete columns. Slowly, these cracks widened with a decrease in applied load. The cracking of the cover gradually led to its spalling. The extent of cracking in the cover, rate of decrease of load after peak and axial strain at spalling depended upon the aspect ratio of fibres (100% short fibres or 100% long fibres or blended fibres), volume fraction of fibres, concrete strength and confinement level. For the same concrete strength and degree of tie confinement, the higher the aspect ratio and volume fraction of fibres, the slower was the rate of growth of cracks and the higher was the axial strain at spalling. Concrete spalling was more gradual and the axial strain at spalling was higher in the case of specimens with lower- strength concrete than in higher-strength concrete column specimens. The effect of degree of confinement was less marked on the occurrence of spalling. The spalling of cover could be clearly marked in most of the specimens, especially in columns having higherstrength concrete. Unlike in non-fibre HSC specimens, the cover did not fall off even when it had completely separated from the core. The axial column strain at which the cover spalled for any confined fibre-reinforced column was observed to be approximately close to the strain å c50o (axial strain at which the stress drops to 50% of peak in unconfined fibre-reinforced concrete). Therefore, at an axial strain value corresponding to å c50o , cover of confined column specimens can be assumed to have spalled off completely. The delayed spalling in fibre-reinforced HSC column specimens can be attributed to the improved crack arresting mechanism and greater integrity of the material caused by the presence of fibres.
Behaviour of confined specimens
All fibre and non-fibre confined specimens were characterised sequentially by the development of surface cracks, yielding of longitudinal steel, cover spalling, yielding of lateral steel, fracture of spiral or ties, buckling of longitudinal bars and crushing of core concrete. All the specimens initially behaved in a similar manner and exhibited a relatively linear load-deformation response in the ascending part up to the peak, which is typical of HSC. Cracking and subsequent cover spalling often resulted in a sudden drop in load in confined non-fibre specimens and a gradual drop in load in confined fibre specimens. Post-spalling behaviour of non-fibre specimens depended solely upon their confinement levels. In the case of fibre-reinforced column specimens, in addition to the lateral steel, the properties of fibres such as aspect ratio and volume fraction determine the specimen behaviour. Load resistance of well-confined specimens again increased to a second peak, while poorly confined specimens showed a continuous decay in strength. The poorly confined non-fibre concrete specimens, especially columns with 75 mm spacing of ties, failed immediately after the first peak load was reached, indicating that the spacing of lateral steel was too large to provide effective confinement. However, the failure of these specimens in the presence of fibres was not that brittle.
Finally, the confined non-fibre specimens mostly failed by the fracture of ties followed by buckling of longitudinal steel, crushing of core or sometimes by the formation of inclined failure plane. The failure of fibre-reinforced specimens was marked by significant bulging of the specimen in the lateral direction with cracking, which gradually led to the fracture of ties and buckling of longitudinal steel. The bulging, which signals a ductile failure, was observed more in specimens with only longer fibres or with blended fibres compared with specimens with only short fibres. Also, the failure of fibre column specimens with a higher volume fraction of fibres was more gradual for the same aspect ratio of fibres, concrete strength and confinement level. Fig. 5 gives the appearance of a few specimens at the end of testing.
Confined concrete contribution curves
Behaviour of the confined concrete was determined following the procedure suggested by Sheikh and Uzumeri 17 and is explained in the following. The concrete contribution P c at a certain deformation was determined by subtracting the contribution of longitudinal steel from the applied load P. The load carried by the longitudinal steel was determined from the stress-strain curves obtained from the tension test. The concrete contribution P c was then non-dimensionalised with respect to gross concrete area force P oc and core concrete area force P occ , where P oc ¼ 0:85 f 9 c A c and P occ ¼ 0:85 f 9 c A cc . Thus, the concrete contribution can be shown by two curves P c /P oc and P c /P occ and the behaviour of confined concrete shall be the combination of these two computed curves (Fig. 6) . As the cover in these HSC specimens remained intact until the first peak was reached in both non-fibre and fibre column specimens, it is reasonable to assume that the lower curve represents the behaviour of confined con- crete up to the peak (point A). When the concrete cover becomes ineffective entirely, the response of confined concrete is given by the upper curve that follows point B, which was identified as corresponding to unconfined axial strains å c50o for both fibre and non-fibre concretes. Owing to the brittle failure of unconfined plain concrete specimens, their å c50o strain could not be measured accurately in the present study. In the absence of data, strain å c50o can be assumed to be equal to 0 . 004 for plain unconfined concrete. 17, 18 However, the actual measured values of å c50o were used in establishing the point B in fibre-reinforced columns. In the region between point A and point B, cover can be considered to be partly effective. A smooth transition was assumed between points A and B. 17 Using this procedure, the behaviour of confined concrete was evaluated and peak-confined concrete load, P cc , was computed for all the specimens. The maximum measured axial load P max and computed loads P9 c (peak concrete load corre- SG2  SE2  SE3  SG1  SG3   0·16  0·16  0·14  0·14  0·12  0·12  0·10  0·10  0·08  0·08  0·06  0·06  0·04  0·04  0·02 sponding to the beginning of spalling) and P cc (peak of confined concrete curve) for each specimen are given in Tables 3 and 4 . These loads have been normalised with respect to the computed loads P o , P oc and P occ , respectively, for comparison. For columns in which the peak of confined concrete curve was observed to be between points A and B, P cc was computed from the load-strain curves after a smooth transition was introduced.
Strains in longitudinal and lateral steel
The strains in the longitudinal and lateral reinforcements were recorded by strain gauges as described earlier. To analyse these strains, the readings given by the two strain gauges attached to the longitudinal steel bars were averaged and, similarly, the readings of two strain gauges attached to the lateral steel were averaged. These average strains for both longitudinal and lateral steel corresponding to loads P9 c and P cc are given in Tables 3 and 4 . The notations å9 1 and å9 h stand for average strains in longitudinal and lateral steel, respectively, at load P9 c and strains å lcc and å hcc denote average strain in longitudinal and transverse reinforcement, respectively at peak-confined load, P cc . At peak load, P9 c , the longitudinal steel was found to have yielded but the strains in lateral confining steel were considerably less than their respective yield strains as indicated by the steel strain values shown in Tables 3 and 4 . The lateral tie strains in fibre specimens were even less than the strains in non-fibre specimens. Fig 7 shows the variation of tie strains with axial column strains for a few specimens. It shows that the development of lateral strain is significantly diminished in the presence of fibres, indicating that the cracking is suppressed by the fibres. With the increase of applied axial strain, the tie strain in fibre columns gradually builds up as the fibres start pulling out of the matrix during the post-peak response and it even exceeds the transverse steel strains in non-fibre columns at higher axial strain values, indicating a more cohesive concrete with better bond between steel and tie bars.
Strength and ductility of confined specimens
The ratio P max /P o ranges from 0 . 93 to 1 . 07 for confined non-fibre specimens with an average value of 0 . 985 and varies from 0 . 97 to 1 . 16 for confined fibrereinforced specimens with a mean value of 1 . 08. This suggests that the fibres helped to realise the theoretical columns' capacity, P o , by preventing the premature cover spalling and even resulted in increased axial strengths compared with corresponding non-fibre column specimens. In all the fibre specimens (except SE2 and SE3) the applied maximum load, P max , was found to be larger than P o . The reason for the slightly lower axial strength of SE2 and SE3 specimens may be the closer spacing of lateral ties (30 mm) which, in addition to causing a separation between the core and the cover, prevented the fibres from properly reaching into the cover concrete and consequently allowed the cover to separate from the core earlier than expected. In fibre-reinforced concrete specimens, the ratio P max /P o increased with the increase in the fibre volume fraction at a constant aspect ratio, whereas it decreased slightly at the constant volume fraction, when the aspect ratio increased from 100% short fibres to 100% long fibres, for a given lateral confinement and concrete strength. The ratios P9 c /P oc and å9/å co for non-fibre specimens indicate that their cover failed prematurely. However, these ratios for fibre-reinforced specimens confirm the delay in cover spalling owing to the incorporation of fibres into the HSC mix.
The ratio of peak-confined concrete loads P cc (corresponding to second peak) to the unconfined theoretical load P occ ranges from 1 . 10 to 1 . 68 (average value ¼ 1 . 33) and from 1 . 12 to 1 . 77 (average value ¼ 1 . 39) for non-fibre and fibre-reinforced specimens, respectively. Slightly higher ratios of P cc /P occ for fibre-reinforced column specimens indicate a nominal gain in confined strength owing to fibre addition. In the case of both fibre and non-fibre specimens, higher ratios were noticed for specimens with a higher degree of confinement and with lower concrete strength. However, in fibre-reinforced specimens, for a given lateral steel confinement and concrete strength, the load ratio P cc / P occ increased with an increase in the amount of fibres of any aspect ratio. For specimens having the same confinement, concrete strength and fibre content, the ratio P cc /P occ slightly decreased with an increase in the aspect ratio of fibres from 100% short fibres to 100% long fibres. The strain corresponding to peak-confined load, å cc , and the post peak strains å c85c (axial strain at which the load drops to 85% of the peak-confined load) and å c50c (axial strain at which the load drops to 50% of the peak-confined load) were computed for all the specimens as reported in Tables 3 and 4 . To characterise the deformability of confined concrete, these strain values were then normalised with respect to the unconfined plain concrete strain, å co . The area under the stressstrain curve, A cuc , for confined concrete was also compared with the corresponding area, A cuo , for unconfined plain concrete for all the column specimens (Tables 3  and 4 ). This area ratio is an indication of the toughness of confined concrete. In the case of non-fibre specimens, the strain ratios å cc /å co , å c85c /å co and å c50c /å co ranged from 1 . 08 to 3 . 01, from 1 . 35 to 5 . 91 and from 1 . 61 to 13 . 50, respectively and area ratio, A cuc /A cuo ranged from 1 . 52 to 12 . 17. The ratios å cc /å co , å c85c /å co and å c50c /å co varied from 1 . 44 to 9 . 91, from 1 . 69 to 18 . 14 and from 3 . 42 to 26 . 79 for fibre-reinforced specimens, while the toughness ratio A cuc /A cuo ranged from 3 . 25 to 23 . 55. It can be observed that these strain ratios and area ratios, which signify the deformability of HSC columns, are several times larger for fibre-reinforced concrete specimens than for non-fibre column specimens. This shows that the ductility of HSC column specimens increases considerably with the introduction of fibres in concrete.
Effect of test variables
Using the analysis procedure described previously, the final confined concrete contribution curves were established for all the specimens and used to evaluate the effects of different test variables on confined concrete behaviour. Fig. 8 shows the effect of volume fraction (v f ) of fibres on stress-strain behaviour of confined fibre-reinforced HSC. The test curves indicate that an increase in volume fraction of fibres results in a consistent increase in peak-confined strength (P cc ), corresponding peak strain (å cc ), post-peak strains (å c85c and å c50c ) and toughness (A cuc ). However, it was noticed that the gain in peak and post-peak strains and toughness were considerably more pronounced than those in peak strength. A maximum increase of 12% in the strength gain (P cc /P oc ) and 219% in the toughness ratio (A cuc /A cuo ) were observed as the fibre content increased from 0% in specimen SF1 to 2 . 0% in specimen SF7. A further analysis of the experimental data shows that the relative beneficial effect of fibre addition on the deformation capacity reduced as the amount of confinement increased. For example, if the pair of specimens SG2-SG1 (single tie configuration and 2 . 2% volume ratio of ties) is compared with SI2-SI1 (double tie configuration and 5 . 62% of tie volume), the toughness ratio enhancement owing to fibres decreased from 114% to 73%, respectively. Similarly, the gain in toughness ratio decreased from 235% in the SB1-SB2 column pair having 2 . 2% volume ratio of ties to 119% in the SA1-SA2 column pair having 3 . 3% lateral steel content. Similar trends were noticed in most of the other comparable specimens.
The significance of fibre aspect ratio is illustrated in Fig. 9 . It can be seen that as the aspect ratio of fibres increased from 20 (short fibres only) to 40 (long fibres only), the post-peak deformability of HSC increased. This may be attributed to the fact that under the increasing loads, once the cracks become quite wide in the post-peak region, the short fibres begin to pull out of the matrix and their crack bridging capability is relatively diminished as compared to longer fibres. The longer fibres can, however, arrest the propagation of these macro-cracks for a longer period of time and their gradual pull-out mode improves the post-peak ductility. It was, however, observed that the gain in peak-confined load (P cc /P oc ) relative to non-fibre specimens was smaller in the case of specimens having only long fibres as compared with the column specimen with only short fibres for any given degree of confinement and concrete strength. This is probably attributable to Column axial strain the fact that the short fibres are able to control better the initiation and propagation of initial micro-cracks. Short fibres therefore have a larger influence on the early part of matrix cracking, thereby enhancing the strength of the column, whereas longer fibres play their role to improve the post-peak toughness. The stress-strain curves of specimens SA3, SC3, SF3 and SI3 exhibit the significance of the mixed aspect ratio of fibres. A perusal of test results and the stress-strain curves (for 100% short fibres, for 50% short fibres + 50% long fibres, for 100% long fibres), for a given parameter of confinement and concrete strength, indicates that at a given total fibre content, as the amount of short fibres increases, the peak stress increases, and the gain in toughness ratio decreases, whereas as the share of longer fibres increases the relative gain in post-peak toughness increases with a decrease in peak stress. This indicates that the combined use of short and long fibres created a better energy dissipation mechanism, the short fibres contributing at the early stage of cracking when the cracks were small in nature and the longer fibres effectively bridging the wider cracks at the later stage. Therefore, the mixed aspect ratio of fibres appears to be a good proposition for columns and it is postulated that advantages can be optimised in both peak-confined strength and ductility by judiciously mixing short and long fibres at some optimum proportions.
The effect of varying the degree of confinement on the behaviour of fibre-reinforced concrete specimens was observed to be similar to that on non-fibre concrete column specimens: strength and ductility improved with an increase in the amount and yield strength of lateral steel and better configuration of ties. Fig. 10 demonstrates the effect of the volumetric ratio and spacing of the confining reinforcement on confined non-fibre and fibre-reinforced HSC. (The responses of only three pairs of specimens are shown.) As expected, the larger the volumetric ratio or closer the spacing of lateral steel, the more ductile is the behaviour. The column specimens with reduced volumetric ratio or increased spacing of lateral steel exhibit a brittle behaviour, showing a faster rate of strength decay after the peak. A gain of 26% in confined strength (P cc /P occ ), 236% enhancement in strain ductility (å c50c /å co ) and 435% increase in the toughness ratio (A cuc /A cuo ) were observed for non-fibre concrete specimens owing to an increase in the volumetric ratio of lateral ties from 2 . 2% in specimen SG1 to 5 . 5% in specimen SE1. The corresponding enhancements were 25% and 24% in confined strength, 320% and 292% in strain ductility and 422% and 385% in toughness ratio for fibre-reinforced concrete specimen pairs SG2-SE2 and SG3-SE3, respectively.
The significance of varying the yield strength of lateral ties is shown in Fig. 11 , where different pairs of specimens have been compared. The compared specimens of each pair had the same concrete strength as well as the same volumetric ratio, arrangement and spacing of lateral steel and similar fibre properties (for fibre-reinforced columns) but different yield strengths. In the case of non-fibre specimens, the maximum enhancements of 7% (SF1-SH1) in the confined concrete strength ratio ( P cc /P occ ) and 60% (SF1-SH1) in the toughness ratio (A cuc /A cuo ) were observed as a result of increasing the tie yield strength from 412 MPa to 520 MPa. In fibre-reinforced HSC specimens, maximum increase of 9% in strength and 42% in toughness ratios were observed for the pair of square specimens, SF2 plotted against SH2.
In this study it was possible to observe the effect of varying the lateral steel configuration by comparing the behaviour of square column specimens SE1, SE2 and SE3 with SI1, SI2 and SI4 respectively (Fig. 12) . The compared specimens had almost equal volumetric ratio of lateral steel and other parameters of confinement except the variable considered. The specimens SE1, SE2 and SE3 were constructed using single perimeter ties (4-bar arrangement), and SI1, SI2 and SI4 specimens had a double tie configuration (8-bar arrangement). An increase of 51% in the strain ductility (å c50c / å co ) and 36% in the toughness ratio (A cuc /A cuo ) were noticed in the SI1 specimen over the SE1 specimen. However, the ratio P cc /P occ is equal to 1 . 38 and 1 . 43 for specimens SE1 and SI1 respectively, showing a strength enhancement of only 3 . 5%. In the case of the fibre-reinforced HSC specimens, improvements of 10% and 6% in P cc /P occ , 15% and 9% in å c50c /å co and 13% and 14% in A cuc /A cuo were seen as the transverse steel configuration was changed from the single-tie type in specimens SE2 and SE3 to the double-tie type in specimens SI2 and SI4, respectively. The concrete compressive strength was one of the primary variables investigated extensively in the test programme. The behaviour of the specimens with the same volumetric ratio, spacing, configuration and yield strength of lateral steel, longitudinal steel ratio and properties of fibres (in the case of fibre-reinforced columns) but with different concrete strengths was compared to quantify the effects of this parameter. Fig.  13 shows a comparison of some of the specimens with different concrete strengths. The post-peak curves of the higher-strength concrete columns are somewhat steeper, indicating a faster rate of strength decay as compared with the lower HSC specimens. The results indicate reduced deformability and strength enhancement for both the non-fibre and fibre-reinforced concrete column specimens with increased concrete strength.
Summary and conclusions
This study reports the results of 96 tie-confined steel fibre-reinforced HSC short column specimens tested under concentric compression. The specimens were tested under monotonic concentric loading. Ideally the effects of flexure should be considered in addition to axial loads, but the complexity of analysis under combined axial load and flexure makes it difficult to study a large number of cases and monotonic concentric testing gives a reasonable assessment in the first instance. The effect of testing conditions such as frictional restraint between the loading platens and the specimen, the gauge length, the stiffness of the testing machine, the loading rate and the shape and the size of the specimen are also equally important; however, the same could not be considered in the present study. Within the scope of the present investigation, the following conclusions may be drawn.
The strength and ductility of confined HSC increased with the addition of steel fibres in the concrete, the strength enhancement being less sensitive than ductility. The introduction of steel fibres prevented the early spalling of cover concrete in HSC column specimens. Unlike the specimens without fibres, almost all the confined specimens cast with fibre-reinforced concrete achieved peak loads higher than their respective theoretical strengths, indicating that the entire sectional area can be used in computing their load-carrying capacity.
The peak and post-peak strains in fibre-reinforced confined columns were several times larger than those in the comparable non-fibre columns. For a given tie confinement and concrete strength, the strength and ductility of confined concrete increased as the volume fraction of fibres increased. For constant fibre content, the toughness enhancement was higher for larger aspect ratio of fibres. The strength gain decreased slightly with the increase in the aspect ratio of fibres. The percentage improvements in column response are lower in columns containing larger amounts of tie steel. Therefore, the fibres can be more effectively utilised to enhance the performance of HSC columns if the lateral steel content is relatively low.
The results of specimens with a blend of short and long fibres (mixed aspect ratio) indicate that the improvements with respect to both strength and ductility can be optimised by judiciously mixing short and long fibres, which may not be provided by fibres of only one aspect ratio.
For the range of values considered in the present study, the effects of volumetric ratio, yield strength and configuration of ties on the behaviour of confined concrete appeared to be similar for both fibre and nonfibre concrete columns-that is, strength and ductility improved with the increase in these parameters. However, this study has quantified the effects of these key variables of confinement on steel fibre-reinforced concrete. Test data indicated that the tie confinement and fibres became less effective as the concrete strength increased. This further concludes that higher-strength concrete columns need either more fibre reinforcement for a given tie confinement or higher tie confinement for the same fibre content compared with lower concrete strength columns to achieve similar strength and ductility enhancements. 0·16  0·14  0·12  0·10  0·08  0·06  0·04  0·02   0   0·2   0·4   0·6   0·8   1·0   1·2   1·4   1·6   1·8   2·0   0 Column axial strain P P P P 
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